Artificial photosynthesis of liquid fuels is a potential source for clean energy. Alcohols are particularly attractive products because of their high energy density and market value per amount of energy input. The major challenges in photo/electrochemical synthesis of alcohols from sunlight, water and CO 2 are low product selectivity, high membrane fuel-crossover losses, and high cost of product separation from the electrolyte. Here we propose an artificial photosynthesis scheme for direct synthesis and separation to almost pure ethanol with minimum product crossover using saturated salt electrolytes. The ethanol produced in the saturated salt electrolytes can be readily phase separated into a microemulsion, which can be collected as pure products in a liquid-liquid extractor. A novel design of an integrated artificial photosynthetic system is proposed that continuously produces >90 wt% pure ethanol using a polycrystalline copper cathode at a current density of 0.85 mA cm -2 . The annual production rate of > 90 wt% ethanol using such a photosynthesis system operating at 10 mA cm -2 (12% solar-to-fuel (STF) efficiency) can be 15.27 million gallons per year per square kilometer, which corresponds to 7% of the industrial ethanol production capacity of California.
Introduction
An efficient, stable, and scalable artificial photosynthetic system could provide a sustainable source of carbon-neutral fuels. Solar-driven photo-electrochemical CO 2 reduction (CO2R) devices based on various catalysts and light absorbers with varying levels of integration have been demonstrated experimentally, [1] [2] [3] [4] [5] and investigated theoretically in detail. 6, 7 Such devices typically operate at near-neutral pH using bicarbonate electrolyte, cation-or anionexchange membrane, and pure CO 2 feed. The products produced with highest selectivity include H 2 , CO, CH 4 , C 2 H 4 , HCOOH, CH 3 OH, C 2 H 5 OH, and C 3 H 7 OH. The selectivity to these gaseous and liquid products strongly depends on the choice catalyst. 8 For example, the reported selectivity to ethanol and methanol are in the range of 10-30% 9-13 and 40-90% 8, 14, 15 , respectively. However, the reported productivity or partial current density of ethanol is about an order of magnitude higher than that for the methanol. 9, 14 It is notable that liquid fuels, such as alcohols, have higher energy density (~20 MJ L -1 ) and higher market value per amount of energy input (~10 ȼ kW-h -1 ) than light hydrocarbons, such as methane and ethene. 7 In contrast to gaseous products, alcohols have much higher solubility in the electrolyte and hence are more difficult to separate. 16 The higher solubility of alcohols also leads to higher membrane-crossover losses due to oxidation of these products at the anode. Another issue is the low concentration of alcohols present in the catholyte. For example, the maximum achievable concentration of ethanol is < 1 mol% when the rate of ethanol generation is equal to 10 mA cm -2 and the membrane separating the catholyte from the anolyte is Nafion. 17 18 The energy required to distill such low concentrations of ethanol from the electrolyte is approximately 40.68/0.01= 4068 kJ mol -1 , which is much higher than its lower heating value of 1235 kJ mol-1. 7 Alternatively, the catholyte can be heated to evaporate a dilute ethanol-water stream, which can be catalytically upgraded to a C3-C15 blendstock by passage over a zeolite catalysts. 19 However, such upgrading also reduces the net energy efficiency for converting sunlight to fuels. Consequently, there is a need for developing an artificial photosynthetic system that can separate alcohols from the electrolyte directly with minimum membrane crossover losses and energy demand for product concentration.
Separation of alcohols from water is challenging due to formation of azeotropic mixtures. The two widely employed techniques to separate alcohol-water mixtures are distillation and extraction. Distillation of alcohol-water mixtures (< 10 mol%) requires multiple distillation columns and is an energy intensive process. 20 As an alternative, alcohol-water mixtures can be separated into two immiscible, water-rich and alcohol-rich, phases by the addition of salts. [21] [22] [23] [24] In this technique, the raffinate phase requires downstream processing to recover salt by evaporating excess water. Alcohol separation using salt has been studied extensively, [22] [23] [24] [25] and implemented for the separation of alcohol from dilute aqueous solutions present in fermenters. 21 Based on the same principle, we propose the operation of electrolyzers with saturated salt electrolytes that allows instantaneous phase-separation of alcohols at the cathode into microemulsion, which can be readily collected as pure products without requiring a salt-recovery system. Therefore the objective of this study is to evaluate an artificial photosynthetic system that integrates production and separation of alcohols, focusing on ethanol for illustrative purposes since it can be produced with relatively high yields. However, the proposed method is not limited to ethanol and could be used to separate other water soluble products, such as methanol.
Modeling

Mass Balance of Liquid Fuels in a Solar-Fuel Generator
A simple mass balance on the alcohol in catholyte can be developed based on the production of alcohol at the cathode and the amount of alcohol diffusing across the membrane separating anolyte and catholyte.
where V is the volume of catholyte, c is the molar concentration of alcohol, t is the time, c A is the area of cathode, i is the partial current density of the alcohol, n is the number of electrons transferred per mole of fuel, F is the Faraday's constant, m A is the area of membrane separating anolyte and catholyte, D is the diffusion coefficient of alcohol in the membrane, K is the partition coefficient of alcohol between the membrane and the electrolyte, and L is the thickness of the membrane. The permeability of alcohol through the membrane is given as P D K L = .
Here we neglect the loss of alcohol due to evaporation, which will decrease the concentration of alcohol as predicted by equation (1). Furthermore, we assume that the concentration of alcohol in the anolyte is negligible, since the kinetic overpotential for its oxidation will be much greater than 1.23 V, which also suggests that the rate of crossover of alcohol through the membrane is much slower than the rate of its oxidation at the anode.
The solution of equation (1) provides the concentration of alcohol as a function of current density and membrane properties, such that
The steady-state value of c provides the maximum achievable concentration of alcohol when its net production is zero,
and the time required to reach 99% of steady-state concentration is given by
The time required to reach maximum concentration does not depend on the operating current density and is only a function of membrane properties and volume of catholyte.
Phase Equilibrium of Salt-Ethanol-Water Mixtures
The solubility of organic molecules in aqueous systems decreases with increase in the salt concentration, and the phase equilibrium for salt-water-organics mixtures have been thoroughly investigated for various systems. 22 Phase separation of alcohols in saturated salt electrolytes is due to the "salting-out" effect, a phenomenon in which salt binds strongly with water thereby weakening the water organic interactions and causing the organic to phase separate. 26 The phase diagram of salt-organics-water mixtures has a binodal curve dividing the two-phase from the single, miscible phase region and tie lines representing the equilibrium composition of the liquid phases, which are strongly dependent of the salt composition and temperature. While various salts might be used as electrolytes, cesium carbonate is particularly attractive because is known to promote CO 2 reduction, [27] [28] [29] and can also be used to phase-separate ethanol produced at the cathode. 23 The experimentally measured binodal curve for cesium carbonate-water-ethanol mixture at 20 C is given by the following empirical equation 23 : 
where 1 E w is the weight fraction of ethanol in the extract (top) phase, and 2 R w is the weight fraction of cesium carbonate in the raffinate (bottom) phase. Figure 1a shows the increase in the steady-state concentrations of formic acid, methanol, ethanol, and propanol as functions of the cell current densities. These concentrations were determined assuming equal areas of catalyst (same as the area of the cathode) and ion-exchange membrane, and are based on the permeability of formic acid, 30 and alcohols 18 through Nafion 117. The steady-state concentration of formic acid is higher than that of alcohols because of its higher stoichiometric number (0.5) per electron transferred. Since the diffusion coefficient of alcohols in Nafion 117 decreases with increasing the size of the alcohol, the steady-state concentration of alcohol increases with increasing alcohol size. It should be noted, though, that high product concentration can only be achieved at high (> 100 mA/cm 2 ) product current densities and require very long (> 45 h) times to reach 99% of the steady-state concentration.
Results and Discussion
Achievable Concentrations of Liquid Fuels
Artificial photosynthetic systems are usually limited by light absorption and therefore operate at product current densities < 10 mA cm -2 . 7 Reference to Fig. 1a shows that achievable concentrations at this current density are 4.4 mol% for formic acid, 0.4 mol% for methanol, 0.6 mol% for ethanol, and 1.2 mol% for propanol. These concentrations can be increased by using an ion-exchange membrane with lower fuel permeabilities than Nafion 117. Figure 1b shows the steady-state concentrations of liquid fuels at 10 mA cm -2 increases with decreasing membrane permeability ( ) DK L . It can be seen that an order of magnitude decrease in the membrane masstransfer coefficient increases the concentration of formic acid up to 32 mol%, methanol up to 4 mol%, ethanol up to 5 mol%, and propanol up to 11 mol%. This analysis provides an upper limit on the achievable concentrations of liquid fuel in the artificial photosynthetic system using a state-of-the-art ion-exchange membrane with an order of magnitude lower fuel permeability than characteristic of Nafion 117. Figure 2 shows the binodal curve (or solubility curve) for ethanol and cesium carbonate in water, obtained using equation (5) . Ethanol and water are completely miscible; however, slight addition of cesium carbonate drastically reduces the solubility of ethanol to 60 mol%. The solubility of ethanol can be further decreased by increasing the concentration of cesium carbonate. The lowest concentration of ethanol is 0.9 mol% at the solubility limit of cesium carbonate in water (13 mol%). On the left side of the binodal curve, all three components of the mixture coexist in one liquid phase. On the right side of the binodal curve, an ethanol-rich microemulsion can be formed in the water-rich phase. The composition of the emulsion is given by the tie lines (dotted lines) in Figure 2 , which are obtained using equation (6) . The left end of the tie line is the composition of the extract phase (the ethanol-rich phase) and the right end of the tie line is the composition of the raffinate phase (the water-rich phase). There is an interesting region in the phase diagram of cesium carbonate-water-ethanol mixtures, where three phases such as ethanol-rich, water-rich, and hydrates of cesium carbonate can coexists. The concentration of ethanol in the extract phase of this triple-phase region can be as high as 100 mol%. Figure 2 : Liquid-liquid phase equilibrium showing binodal curve and tie lines for a mixture of ethanol, water, and cesium carbonate measured at 20 C. E and R are the composition of the extract and raffinate phases joined by the tie line. S is the solubility limit of cesium carbonate in water. H is the state of cesium carbonate hydrate formation corresponding to 100% ethanol in the extract phase. Figure 3 shows a scheme for a photosynthetic system utilizing salt-based, liquid-liquid extraction of fuels. In this scheme, a photoelectrochemical cell or PV-electrolyzer can be used consisting of photoanode or anode, a porous cathode with a gas-diffusion layer impregnated with a saturated salt (Cs 2 CO 3 ) electrolyte. The anolyte compartment is separated from the catholyte compartment by an anion-exchange membrane (AEM). Since CO 2 is sparingly soluble in a saturated salt electrolyte, 31 it must be supplied through a gas-diffusion layer. Electrochemical reduction of gaseous CO 2 in such cell configuration has been tested at current densities > 300 mA cm -2 . 13, 32 A continuous flow of catholyte is required to collect CO 2 reduction products, so that they do not contaminate the CO 2 feed. Based on the phase equilibrium thermodynamics for the cesium carbonate-water-ethanol system shown in Figure 2 , the ethanol produced at the cathode will form a microemulsion in the saturated cesium carbonate electrolyte. The microemulsion is then fed to a settler, where it passes through a coalescer and is collected as a liquid containing > 90 wt% pure ethanol. The make-up water feed to the settler balances the amount of water removed with the extract phase and consumed at the cathode. The bottom phase containing salt and water is recycled to the photo/electrochemical cell. produced by electrochemical reduction of gaseous CO 2 are directly converted into microemulsion at the cathode surface in the presence of saturated salt electrolyte. The microemulsion is separated into concentrated liquid fuels using a settler and the raffinate phase of saturated salt electrolyte with make-up water is recycled back to the electrochemical cell. Figure 4 shows the equilibrium concentration of ethanol in the extract and the raffinate phases as a function of the concentration of cesium carbonate. The concentration of ethanol reaches 75.7 mol% (or 92.9 wt%) in the extract phase and 0.87 mol% (or 0.6 wt%) in the raffinate phase, when the Cs 2 CO 3 reaches its solubility limit (13 mol%) in water. Ethanol in the raffinate phase will diffuse across the anion-exchange membrane and undergo oxidization at the anode. The crossover current density of ethanol is given as crossover i n F P c =
Phase Diagram of Cesium Carbonate-Water-Ethanol Mixtures
Advanced Artificial Photosynthetic System
Figure 4 also shows that as the ethanol concentration decreases with increasing salt concentration, the crossover current density of ethanol through Nafion 117 also decreases due to the lower concentration of ethanol in the raffinate. At saturation limit of Cs 2 CO 3 in water, the crossover current density corresponding to the ethanol concentration of 0.87 mol% in raffinate phase is 10.6 mA cm -2 . What this means is that to produce an ethanol-rich microemulsion, the partial current density of ethanol must be greater than the expected crossover current density of 10.6 mA cm -2 . This constraint is challenging because reported partial current densities of ethanol are only of the order of 1 mA cm -2 . anode (or any earth-abundant materials such as NiFe or Ni) and a Cu cathode separated by Nafion 117 can be operated at -1.1 vs RHE to generate such current densities in Cs 2 CO 3 electrolyte. 27 However, as noted above, rate of ethanol generation is well below the threshold current density to form a microemulsion in a 13 wt% CsCO 3 solution (10.6 mA/cm 2 ), and all of the ethanol produced will cross over to the anolyte compartment and be consumed. One way to circumvent this situation is to increase the ratio of catalyst-to-membrane areas well above 1.0. Figure 5a shows the increase in catholyte ethanol concentration with increasing ratio of Cu catalyst area to Nafion 117 area for two different electrolytes -1 mol% and 13 mol% cesium carbonate and an ethanol partial current density of 0.85 mA cm -2 . It can be seen that the ethanol concentration in 1 mol% Cs 2 CO 3 only be increased to 4.5 mol% by increasing the catalyst-tomembrane area ratio to 100. Reference to Figure 2 shows that ethanol will not phase-separate in 1 mol% Cs 2 CO 3 because the required concentration of ethanol for phase-separation is 30 mol%. However, the required ethanol concentration for phase-separation is only 0.87 mol% in 13 mol% Cs 2 CO 3 , a level can be attained by increasing the catalyst-to-membrane area ratio to > 18.46. Under these circumstances, the microemulsion will contain 93 wt% ethanol. Although the formation of microemulsion is only dependent on the partial current density of ethanol and the catalyst-to-membrane area, the FE of ethanol formation can affect the current and voltage efficiencies which directly affect the solar-to-fuel (STF) efficiency of this process. Increasing the FE of ethanol to >11% will decrease the side-reactions (which will increase the current efficiency) and also reduce the ohmic losses associated with the side-reactions (which will increase the voltage efficiency). Therefore, identification of novel catalysts that can produce ethanol at higher FE (>11%) and current density (> 1 mA cm -2 ) will not only increase the productivity of ethanol microemulsion but will also increase its efficiency.
There are two consequences of increasing the catalyst-to-membrane areas. The first is a decrease in the ethanol-crossover current density and the second is an increase in the ohmic loss across the membrane. Figure 5b shows that the crossover current density is equal to the ethanol current density until the onset of phase separation occurs at the catalyst-to-membrane (Cu cathode-to-Nafion membrane) area ratio of 18.46, after which the crossover current density rapidly decreases with further increasing catalyst-to-membrane area ratio, since the ethanol in the electrolyte is already at the saturation limit. The ohmic loss across the membrane increases linearly with increasing catalyst-to-membrane area ratio, and for the area ratio of 18.46 the crossover current density is equal to 0.6 mA/cm 2 , which means that the net rate of ethanol formation will be 0.85 -0.60 = 0.25 mA cm -2 ; however, the ohmic loss across the membrane will only be 20 mV. The crossover current density could be reduced from 0.6 mA cm -2 to 0.1 mA cm -2 by decreasing the membrane ethanol permeability by six fold relative to Nafion 117, and in this case, the net ethanol current density will become 0.85 -0.1 = 0.75 mA cm -2 . Figure 5 : a) Steady-state concentration of ethanol in 1 mol% (dilute) and 13 mol% (saturated) cesium carbonate electrolyte versus ratio of catalyst-to-membrane (Cu cathode-to-Nafion membrane) area, at 0.85 mA cm -2 partial current density of ethanol. b) Membrane ohmic loss and crossover current density of ethanol in dilute and saturated electrolytes versus ratio of catalystto-membrane area.
Under such conditions, increasing the partial current density of ethanol will not change its concentration in the microemulsion but will increase the volumetric flowrate of emulsion. The net molar flow rate of ethanol can be written as
where 1 E c is the molar concentration of ethanol in the extract phase, and q is the flowrate of the extract phase. Figure 6 shows that the flowrate of extract phase containing 93 wt% ethanol increases linearly with increasing partial current density above the crossover current density of 0.1 mA cm -2 . The corresponding increase in the STF efficiency will be 1.2% to 12% for the increase in the partial current density from 1 mA cm -2 to 10 mA cm -2 . The flowrate of the 93 wt% ethanol phase is ~5.5 L s -1 when produced over a square kilometer area at an ethanol partial current density of 10 mA cm -2 . The annual production rate of ethanol assuming 8h of active operation per day at 10 mA cm -2 (or 12% STF efficiency) is 15.27 million gallons per year, which is 7% of the current fuel ethanol production rate of 218 million gallons per year in California. 33 This analysis shows the viability of the proposed scheme for producing ethanol at a rate comparable to that of a typical ethanol plant 33 in California. Figure 6 : Flowrate of 93 wt% ethanol generated over a square kilometer area versus partial current density. Electrolyte is 13 mol% Cs 2 CO 3 and the crossover current density is 0.1 mA cm -2 .
Although the proposed scheme should be able to produce pure liquid products continuously, there can be some operational challenges. These include i) stability of materials used to make the cell in saturated Cs 2 CO 3 electrolyte of pH = 10, ii) power required to pump saturated Cs 2 CO 3 electrolyte, and iii) crystallization of salt due to electrodialysis. We consider that these concerns are all surmountable for the following reasons. Advances in electrolysis alkaline electrolytes have led to the development of various materials that are stable in base. 34 For example, acrylic polymer can be used for the cell body, Selemion for the membrane, copper for the cathode, and IrO 2 for anode, all of which are known to be stable in an alkaline environment. The viscosity of saturated CsCl electrolyte is 0.87 cP; 35 therefore, if we assume a similar viscosity for Cs 2 CO 3 , the pumping requirement will be similar to that for water. From Figure 6 , the required recycle rate of Cs 2 CO 3 electrolyte is 5.7 L s -1 km -2 at 10 mA cm -2 of ethanol current density. Assuming that a 10 cm diameter and 1 km long pipe is used to supply the saturated Cs 2 CO 3 electrolyte to a 1 km 2 wide array of artificial photosynthetic cells at a rate of 5.7 L s -1 km -2 , the additional pressure required to pump the electrolyte would be 1.95 kPa which is equivalent to the energy consumption of The stability of saturated salt electrolytes is related to their tendency to crystallize at the cathode due to electrodialysis. Electrodialysis causes cations to migrate from anolyte to catholyte, resulting in an increase in salt concentration above saturation limit in the catholyte. This phenomenon can be prevented or minimized using an anion-exchange membrane such as Selemion, which would block cations but allow charge carriers such as bicarbonate and carbonate anions to pass through the membrane. Even if a small flux of cations did occur through the anion-exchange membrane, the increase in the salt concentration above its saturation limit would not be expected to induce nucleation (or crystallization) until the cation concentration increased beyond the metastable zone width. The metastable zone width of most salts is in the range of 10-15% above their saturation concentration. 36, 37 Figure 3) will not crystallize when operated in the current density regime used typically for artificial photosynthesis.
Conclusions and Perspectives
We have summarized the challenges associated with the production of pure alcohol fuels such methanol, ethanol, and propanol using artificial photosynthesis and provide a scheme to benefit such production. The maximum achievable concentrations of various alcohols in the catholyte are of the order of 1 mol % at partial current densities of 10 mA cm -2 . However such concentrations can only be achieved about 100 h of batch operation and result in in 100% fuelcrossover if a Nafion 117 membrane is used to separate the catholyte and anolyte compartments.
Reducing the alcohol permeability of the ion-exchange membrane by an order of magnitude only increases the liquid fuel concentration to 10 mol%, but also raises the batch operation time needed to achieve this concentration to 1000 h. To overcome these limitations, we propose an artificial photosynthetic system ( Figure 3 ) that utilizes concentrated salt electrolytes to phaseseparate ethanol (or other organics) into microemulsion; and thereby reduce alcohol crossover and increase product collection efficiency. These design principles can also be applied to an artificial photosynthetic system producing methanol, where methanol can be separated from the aqueous mixture using various salts such as LiCl, NaCl, K 2 SO 4 , and NaHCO 3 . 22, 24 The foremost requirement for design of such systems is the availability of phase diagrams for alcohol-saltwater mixtures, which can also be defined using existing thermodynamic models. 24, 26 The proposed system has an additional advantage; it does not require a salt-recovery process and the phase-separated salt-water mixture can be recycled back to the photo/electrochemical cell. The use of cesium carbonate as the electrolyte and a gas-diffusion electrode will enhance the rate of CO 2 reduction reaction. 13, 27, 32 We show that photo/electrochemical reduction using 13 mol% cesium carbonate, and a catalyst-to-membrane area of 100 (or a catalyst-to-membrane area of 18.46 with a membrane ethanol permeability six-fold lower than that of Nafion 117) results in the formation of a microemulsion containing 93 wt% ethanol, while still producing 0.85 mA cm -2 ethanol at 0.1 mA cm -2 of crossover and an ohmic loss across the membrane of 117 (or 20) mV.
The annual production rate of 93 wt% ethanol produced directly from such artificial photosynthetic system operating at 10 mA cm -2 (or 12% STF efficiency) will be 15.27 million gallons per year per square kilometer, which is 7% of the capacity for industrial ethanol production in California.
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